The objective of this paper is to propose a novel numerical approach to model the compaction process of pervious concrete in the fresh state, taking into account input parameters related with the mix composition. A new constitutive model applied to Discrete Element Method was developed for the simulation of the interaction between aggregates connected by fresh cement paste. This approach reproduces the velocity dependency of the fresh cement paste. A calibration was conducted with data from the literature. Furthermore, an extensive experimental program considering different shapes of aggregates, grading curves and aggregate-to-cement paste ratios was performed to evaluate the fresh state behavior and validate the numerical models. The good fit obtained between numerical and experimental results confirm the model and the constitutive law reproduce the under uniaxial compaction, thus representing a step forward in the design and application of pervious concrete mixes.
INTRODUCTION
Pervious concrete is a material that combines adequate mechanical properties and high permeability [1] [2] [3] [4] . These properties are governed by the mix composition and, especially, the compaction process applied to the material in the fresh state. In terms of mix composition, the traditional philosophy used to achieve a pervious concrete is to reduce the amount of fines provided by the sand and to use cement paste contents just enough to create a connection between coarse aggregates. The fresh state mixture obtained may be dissociated in several unities. Each unity is composed by an aggregate involved by a thin layer of dry cement paste obtained by using low water-to-cement ratios or special thickening admixtures. The low fluidity achieved is a key point that helps to reduce the risk of segregation of the mixture.
The bulk material obtained after mixing usually has a porosity around 50 % by volume. On the other hand, values ranging from 15 % to 30 % [5] [6] [7] are commonly found in the final application after the compaction process. It is evident that a significant reduction on the porosity occurs in the compaction process, which plays a fundamental role on the performance of the material [8] [9] [10] since bigger porosities increase the drainage capacity but compromise the mechanical strength.
In general, the evaluation of the compaction process and of the final porosity of pervious concrete is performed experimentally through a trial and error approach according with a time-consuming process. The assessment of the fresh state behavior of the material and the compaction using numerical simulations is still a relatively unexplored field.
The discrete element method (DEM) [11] [12] [13] is a powerful tool capable of simulating the dynamic movement and the interaction of a large number of particles found in granular materials. Particles are assumed as spherical bodies that may have contact with each other. Traditionally, a linear elastic contact approximation is used to simulate interactions, considering that an overlap is possible between two particles at the points of contact. This overlap generates forces of interaction governed by a constitutive law.
Several authors have simulated the fresh state behavior of concrete using DEM.
Almost all of them focus on highly flowable concrete (self-compacting). Nabeta [14] introduced the simulations of fresh concretes flow using DEM. Chu et al. [15] used DEM to simulate the filling capacity of fresh concrete. The authors considered a homogenous material approach in which all particles share the same properties. Afterwards, other studies [16] [17] introduced a heterogeneous approach, using some particles to simulate the aggregates and others to simulate the cement paste or mortar. Nevertheless, with the advances in processing capabilities of modern computers, it becomes possible to use models with elevated complexity. A recent approach to simulate the flow of selfcompacting concrete was proposed by Chu et al. [18] . In the latter, a bi-phasic particle with an aggregate-like kernel involved by a mortar layer was used to simplify the computation of interactions. In a similar way, Zheng et al. [19] proposed a GPU-based parallel algorithm for particle contact detection in self-compacting fresh concrete simulations.
In order to simulate the fresh state properties of self-compacting concrete, Gram [20] proposed an adaptation of the Bingham contact using a spring connected in parallel with a serial connection of a damper and a Saint-Venant element. Other authors [21] [22] [23] [24] have proposed contact models based on stress-strain (σ-ε) curves obtained with laboratory tests in which two spheres surrounded by mortar or cement paste are put in contact. In another study, Remond et al. [25] proposed a bi-phasic model with the simulation of a fluid-like interaction between the external layers of the particles. Roussel et al. [26] compared several numerical techniques (DEM, Computational Fluid Dynamics and Lattice Boltzman) for the simulation of the concrete flow. In their work [26] , the authors suggested that all these numerical techniques have reached a level that allows simulating practical problems.
Despite the advances observed, it is important to remark that the great majority of the studies with DEM focuses on self-compacting concrete with a high fluidity and without accounting for external compaction or vibration. On the contrary, scarce information about the evaluation of the fresh state properties of pervious concrete may be found, especially regarding the simulation of the compaction process.
The objective of this study is to propose and validate a DEM approach for the simulation of the compaction process of pervious concrete in fresh state. In this sense, it is necessary to propose a constitutive law that represents the interaction of two particles (or aggregates) surrounded by a thin layer of cement paste in fresh state. A biphasic particle and a new constitutive law for the interactions between particles more representative with pervious concretes were proposed and implemented in the open source framework YADE [27] .
A calibration of the constitutive law with the experimental results from Shyshko et al. [21] was performed and an experimental program related to the compaction process of the pervious concrete in fresh state was conducted. In this experimental program, 3 different types of aggregates and 4 aggregate-to-cement paste ratio were tested. The good fit obtained between numerical and experimental results confirm the model and the constitutive law reproduce the fresh state behavior of the pervious concrete under uniaxial compaction. The results obtained represent a step forward, showing that it is possible to apply advanced numerical tools for a preliminary assessment of the performance of pervious concrete, which might have positive implications in the design and use of mixes in the future.
EXPERIMENTAL PROGRAM
The experimental program was divided in two phases. Phase I focused on the effect of the cement paste-to-aggregate ratio (P/A) in mixes with regular mono-sized particles.
Phase II was centered on the effect of the type and grading of the aggregates.
Materials Properties
In Phase I, spherical glass aggregates (see Fig. 1a ) with diameter of 18 ± 0.5 mm and density of 2570 kg/m 3 was used. In Phase II, crushed limestone with density of 2640 kg/m 3 and water absorption of 0.83% by weight was used. The crushed limestone aggregates were sieved to ensure that particle sizes were between 5 and 12 mm (see Fig.   1b ) and between 9 to 20 mm (see Fig. 1c ). In order to maximize the porosity achieved, after the sieving process, the aggregates were washed to eliminate remaining limestone dust. The grading curves and the properties of the aggregates are presented in Fig. 1d .
The cement used all mixes was CEM II/A-L 42.5R. 
Compositions
The compositions used in the experimental program were defined to simulate those found in typical applications of pervious concrete. All compositions had a fixed theoretical content of aggregates equal to 1400 kg/m 3 . The water-to-cement ratio (w/c) was also the same for all mixes in order to guarantee that the cement pastes obtained had similar rheology. Moreover, 1 % of retardant by cement weight was added in order to diminish variations in the fresh state properties of the concrete during the compaction of the specimens.
The content of cement was defined depending on the type of aggregate. In the case of mixes from Phase I, contents of cement equal to 215, 245, 275 and 305 kg/m 3 were used. The cement paste-to-aggregate ratio (P/A) by weight ranged from 0.15 to 0.22, approximately. Mixes from phase II had a theoretical content of cement set at 400 kg/m 3 , equivalent to a P/A of 0.29.
The variations in terms of the content of cement between mixes from Phases I and II are a consequence of the difference in the specific surface of the aggregates, which affects the total surface that has to be involved by the cement paste. The low specific surface of the mono-sized glass spheres from Phase I is involved by a smaller amount of paste, leading to smaller cement content and smaller P/A. On the contrary, in the case of limestone aggregates from Phase II, the irregular shape of particles leads to a higher specific surface that requires an additional amount of paste (bigger cement content and P/A ratios). Notice that this does not compromise the evaluation of the numerical models since the amount of aggregates and paste are taken into account in the simulations.
The composition of all mixes are summarized in Tab. 1. The nomenclature adopted to make reference to each mix includes a first letter that indicates the type of aggregate (G for glass, Ca for limestone with grading from 5 mm to 12 mm and Cb for limestone with grading from 9 mm to 20 mm), followed by the P/A value. 
Mixing Process
The pervious concrete was prepared in a planetary mortar mixer type 65/2 K-3, using a 65 l container. Paddle rotation and planetary speed were 150 and 40 rpm, respectively. First, cement and aggregates were mixed during 60 s. Then, 70 % of the total water was added and mixed during additional 30 s. Finally, the rest of the water and the retardant was added and mixed during additional 60 s.
Once the fresh pervious concrete was mixed, it was immediately placed into a cylindrical mold (with height equals to 200 mm and diameter equal to 100 mm) in three layers. After the mold was filled, the excess of material surpassing the top of the mold was removed to ensure that the initial height of all specimens was 200 mm. The pouring process and the removal was performed with care to avoid introducing compaction forces.
The weight of each sample was measured to achieve comparable levels of fresh density.
Test Method
The press used in this study to evaluate the compaction pressure curve was a "Ibertest Autotest-200/10" with a load cell of maximum 10 kN and 1 % of accuracy, operating in displacement controlled mode with a velocity equal to 3.33x10 -4 m/s (20 mm/min). A compaction cylinder with a diameter of 95 mm and a height of 65 mm was fixed to the load cell at the top of the press, as depicted in Fig. 2 . The specimen (mold filled with the pervious concrete in fresh state) was positioned between the compaction cylinder and the piston of the press. During the test, the piston moved with a constant displacement rate in the axial direction, thus producing the compaction of the specimen.
Figure 2 -Test setup (a), mold (b) and compaction cylinder (c) dimensions.
A laser displacement sensor was equipped on the mold wall in order to measure the distance between the top of the mold and the bottom of the compaction cylinder. The data of the displacement and the load measured by the load cell were transmitted to a data acquisition system every 0.2 s. According to the convention adopted, a minimum initial load level of 0.0127 MPa was used to establish the beginning of the measurement. Such procedure is necessary to homogenize the initial point of the load-strain curve since small variations in the top particles could lead to significant variations in the first stretch of the curves. By fixing a minimum pre-load, the initial condition in terms of distribution of contact with the compaction cylinder becomes similar among all specimens. The test was stopped when the maximum load of 10 kN or the maximum displacement of 40 mm was reached.
The load was divided by the theoretical cross-section of the specimen to estimate the average stress applied. The displacement measured after the pre-load is divided by the original height of the specimen to estimate the strain applied. A stress-strain curve was obtained after the test.
EXPERIMENTAL RESULTS AND DISCUSSION

Phase I
Samples had an average initial mass of 2.02 kg with a standard deviation of 0.07 kg. The estimated initial porosity was approximately 50%. During the compaction process, the specimen undergoes a sudden internal rearrangement due to the high sphericity, low roughness and mono-size of the glass aggregates. This abrupt rearrangement is mainly related to the small number of contacts between each particle and the surrounding ones, which is typical in systems composed by mono-sized unities.
The small number of contacts increases the likelihood of finding casi-unstable or ill-conditioned particles in the system. If sufficient load is applied, these particles may move, changing the support condition of the near particles that also have to move to reach a new stable position. This triggers a chain reaction characterized by a sequential movement in the system. Such chain reaction produces an abrupt reduction of the load due to the automatic compensation provided by the displacement control from the press. This phenomenon should be more likely to occur in the beginning of the test, which is consistent with the results obtained in Phase I. In order to mitigate the influence of the abrupt load reduction and allow a better comparison with the results from the models, the curve obtained from the compaction process should be filtered. In this sense, only the points with an increment of stress were represented. This is the consequence of the high particle rearrangement experienced in due to the small number of contacts between particles and the big space left in the system (notice that almost 50% by volume of the sample is formed by voids in the beginning of the test). The strain observed is the result of the relative displacement between particles.
After a certain strain takes place, a significant increase in the load is observed for small increments of strain. This is the consequence of the absence of space for the rearrangement of the system and the increase in the number of contacts. In this final part of the curve, the strain is the result of small movements between particles and the deformation of the cement paste layer located around them. This outcome is also related to the number of contacts between particles. When smaller aggregates are used, more particles are necessary to fill the space, thus generating a bigger number of contacts in the system. This enhances the restriction to internal rearrangement of the particles. Consequently, as the strain increases, more pressure is needed to achieve higher degrees of compaction.
Figure 3 -Measured stress-strain curves (a to e) and image of the specimen before and after the test (f).
Phase II
PROPOSAL OF CONSTITUTIVE MODEL
Particle Definition
The pervious concrete may be dissociated in several unities with the aspect shown in Fig. 5a . Although more complex arrangements are also possible to simulate the real shape, a bi-phasic spherical particle shown in Fig. 5b may be used. The latter has a total radius , being formed by an inner aggregate core with radio surrounded by a paste layer with thickness . The main advantage of this simplification is the low computational cost required to evaluate the contact, as the overlap of spheres is determined from the spatial distance of their centroids without the need to consider their orientation.
Figure 5 -Real particle formed by aggregate involved by cement paste layer in a pervious concrete (a) and simplification considered (b)
To simulate the open grading curve of the aggregates it is also necessary to define the sizes of particles that will be used in the discretization. As an example, 
Figure 6 -Approximation of a grading curve with three sizes of aggregate particles (a) and percentage of aggregate particles of each diameter (b)
After the definition of the particles sizes, the thickness of the external layer ( ) may be calculated. Based on the studies by Klein et al. [28] , it is considered that is proportional to the radius of the aggregate according with Eq. 1. In this equation, is a constant that accounts for the distribution of the cement paste (or mortar) and depends on the composition of the pervious concrete. In order for Eq. 1 to hold, should be estimated through Eq. 2 with the volume of aggregates ( ) and the volume cement paste or mortar ( ) used in the mix. Since the simulations of the pervious concrete are based on the meso-level criteria, the minimal diameter of aggregate should be bigger than the minimal thickness of the cement paste layer. This is always guaranteed with Eq. 1.
Characteristic of the Contact
In the DEM, the particles may interact with each other or with predefined surfaces such as the walls of the molds or of the formwork. The former is known as sphere-sphere (s-s) contact and the latter is known as sphere-wall (s-w) contact, both of which are governed by force-displacement laws.
Considering the definition of the particle previously discussed, the first contact occurs with the viscous mortar or paste external layer surrounding the aggregate. As the overlap increases, the aggregates push the surrounding layer away from the point of Although the exact simulation of the paste or mortar rearrangement around the aggregate may be performed, it comes with a high computational cost. To mitigate this drawback, the geometrical consideration illustrated in Fig. 7c and 7d was assumed. In line with the results obtained by Klein et al. [29] , it is assumed the surface tension of very dry cement paste or mortar is close to 0, which leads to the formation of an almost straight meniscus. In this context, a straight linear average surface is considered a fair approximation of the real situation.
An important geometrical parameter of the contact is the overlapped volume. This is related with the force to produce an approximation of the particles. It is expected that the rearrangement of a bigger volume of paste would require the application of bigger forces. The overlapped volume of the s-s and s-w interactions may be obtained through
Eq. 3 and 4, respectively. In these equations, and are the distance between the center of the sphere (i or j) and the contact point. Notice that if the inner core of one sphere overlaps with external mortar layer of the other, the volume of the overlapped inner core must be discounted from the u,s−s and u,s−w obtained.
, − = 3
New constructive model
In the DEM, the relative movement between particles or between particle and the wall might occur in the normal and in the tangential directions. Therefore, it is necessary to establish a rheological constitutive model that represents the behavior of the contact in both directions for the bi-phasic particle proposed.
Normal Direction
Studies from other authors [16] [17] [18] [19] [20] showed that the motion of the fresh pervious concrete in the normal direction has elastic and viscous components working simultaneously. The Kelvin-Voigt rheological model is generally used to represent this condition. This model is composed by an ideal spring arranged in parallel to a dashpot.
The spring accounts for the elastic behavior of the mortar whereas the dashpot accounts for the effect of its viscosity.
Despite the widespread use, the Kelvin-Voigt rheological model induces some inconsistencies when applied to pervious concrete. Consider, for instance, two particles in contact at one point of their surrounding paste layer. When external forces are applied to approximate both particles, a rearrangement of the paste takes place around the contact point. If after a certain displacement the external forces are eliminated, the elastic part of the overlap is recovered whereas the inelastic part is maintained. The latter is the result of the viscous behavior of the dry paste that is not capable of assuming the original position once the forces are eliminated, leaving a permanent overlap.
Conversely, the Kelvin-Voigt rheological model does not allow permanent overlaps if subjected to the same loading procedure. Even though it may provide reasonable trends for the approximation stage, the same is not observed when the external loads are eliminated. The existing overlap generates an internal force induced by the compressed spring. Such force acts over the dumper connected in parallel to it, producing the gradual recovery of the overlap. Although the displacement reduces the overlap and the internal force of the spring, the remaining force leads to further displacement of the dumper. This process should continue until the force of the springs becomes 0, which will only occur when the whole overlap is recovered.
The behavior described in the previous paragraph highlights another underlying inconsistency of the Kelvin-Voigt rheological model when applied to pervious concrete.
Notice that the recovery of the elastic part of the overlap is influenced by the dumper, which regulates the release of the spring. In other words, the recovery of the elastic overlap would not be instantaneous as expected in the case of a dry cement paste.
In order to solve these conceptual inconsistencies and reproduce with bigger accuracy the interaction between particles found in pervious concrete, the new contact model depicted in Fig. 8a is the binder elastic coefficient of the additional spring, whereas is the binder viscous coefficient for the additional damper.
The stiffness of the springs and the viscosity of the dampers should be closely related with the total volume of paste displaced in the contact at a certain time step ( u,s−s or u,s−w ). It is reasonable to consider that bigger overlapped volumes would imply higher values for these parameters given that any increment on the overlap would lead to the displacement of a bigger paste volume. To simplify this consideration, it is assumed that the stiffness and the viscosity parameters may be obtained by multiplying the total overlapped volume and a base coefficient that depends solely on the rheological properties of the surrounding paste. This is represented mathematically in Eq. 11 to 14.
The force-displacement curve obtained when compressive forces are applied in Eq. 5 is depicted as the curve AB in Fig. 8b .
The constitutive model proposed considers that the unloading path after an initial compression may be approximated through a straight line extending from the last point of the curve and a point in the x-axis defined by the product of the maximum displacement reached and a parameter α (curve BC in Fig. 8b ). This parameter determines the level of inelastic deformation experienced by the contact, which will depend on the characteristics of the binder. An equal to 0 indicates that all deformation is inelastic, not being recovered. On the contrary, for higher values of , part of the deformation is recovered.
If tensile forces are applied after the unloading stage is finished, the paste layer should deform so that the particles would start to separate from each other, as depicted by curve CD in Fig. 8b . This separation takes place according with Eq. 5 until a yielding tensile force ( , ) is reached. Once this occurs, the paste starts to flow around the aggregates and a striction of the meniscus takes place, causing an increase in the separation of the particles with a reduction of the tensile force applied (line DE in Fig.   8b ). 
For the striction part of the diagram (CD), the stress-displacement relation is described as a straight line. This line starts at the point where , occurs and extends over a distance that is proportional to the reduction of overlap ( − ′ ) experienced due to the tensile forces. The theoretical point in which the striction curve crosses the xaxis is obtained through Eq. 16. Fig. 9a shows an example of the constitutive law obtained with α equal to 0, equal to 0.5 and equal to 0.8. Fig. 9b shows the evolution of forces over time. Fig. 9c presents the evolution of elastics ( and ) and viscous ( and ) coefficients over time.
Figure 9 -Example of a force-displacement relation (a), variation of force (b) and coefficients (c) over time.
Another type of interaction occurs when the inner cores of the particles get in contact. This will happen whenever the overlap is bigger than the summed thickness of the external layer around the two particles. An analogues situation may also be found in the contact between a particle and then wall. When the overlap is bigger than the thickness of the external layer, a direct contact is established between the particle and the wall. The rheological model used to represent both interactions is a spring in parallel with a contact element, as depicted in the Fig. 10a .
Figure 10 -Force-displacement relationship for a direct contact between the inner cores in normal direction.
The stiffness coefficient of the interaction in this case should be considerably bigger than that of the contact between the external layers. Fig. 10b shows an example of the complete force-overlap curve for two particles put in contact. It is assumed that the maximum overlap of the external layers (before the contact of the inner cores is established) is equal to ' , '. For overlaps bigger than this value, the direct contact between the inner cores take place. Eq. 17 represents this relationship for overlaps bigger than , .
Tangential Direction
The constitutive models presented so far depend only on the overlap in the normal direction. In the case of the behavior in the tangential directions, a combined effect between the normal movement and tangential movement takes place. This is assumed because the tangential forces are affected by the normal forces acting in the contact. difference between these two scenarios is the friction coefficient assumed.
CALIBRATION WITH RESULTS FROM SHYSHKO et al. [21]
The parameters related to the elastics and viscous components of the normal force need calibration. This calibration was performed with the experimental results presented by Shyshko et al. [21] . This study [21] 
Simulation Process
The validations performed in the previous section accounts for a simplified interaction between two particles under highly controlled conditions. In reality, a considerably bigger number of interactions occur simultaneously, being affected by a combination of normal and tangential displacements. To evaluate the accuracy of the constitutive model proposed here in real conditions, several simulation of the tests conducted in the experimental program from section 2 were performed.
Before modeling any particle of pervious concrete, the geometry of the equipment used in the test should be modeled. This includes the mold (Fig. 13a) , the funnel (Fig.   13b ) and the compaction plate (Fig. 13c) . All of them were modeled with facet elements.
The behavior of the facets in depends on the following parameters: normal stiffness, shear stiffness, and coefficient of friction. Notice that the facet elements do not interact with each other, only with particles.
At the first stage of the simulation, the mold and the funnel are assembled as shown in Fig. 13d . The particles were then dropped inside the mold, which simulates the gravitational deposition of the particles. Once all particles are in a stable position inside the mold and the funnel, the compaction plate is generated and positioned according to the Fig. 13d . The compaction plate moves horizontally and is responsible to assure the separation between all particles above and below the height of the mold (see Fig. 13e ).
Figure 13 -Model parts (a, b and c) and simulation process (d, e, f and g)
Then, the funnel and the particles above the compaction plate are deleted,
guaranteeing that all models present the same initial height. Just the particles inside the mold, the mold and the compaction plate are used in the next stage of the simulation. The plate descends, thus producing a uniaxial compaction of the sample. Fig. 13c presents the sample with no compaction and Fig. 13d presents the sample at the end of the simulation. In case the contact occurs at the paste external layer, the overlapped volume is calculated and the properties of the contact are assessed. Then, the forces and displacement of the entities are calculated. If the contact occurs at the inner core zone, the model represents the elastic contact and does correct the overlapped volume.
Results: Phase I
The rheology of the Carbopol polymer used by Shyshko et al. [21] The first part of the curve is similar for all P/A ratios simulated. The strain at which the stress increases is slightly bigger for models with higher P/A. Such result is reasonable since a direct contact of the aggregates require a bigger relative displacement in mixes with a thicker layer of paste around the particles.
Despite that, the differences between the average numerical curves may be considered small in comparison with the typical scatter of the results. Consequently, the differences in the compaction curve due to the change in the P/A would be eclipsed by the scatter of the results. Again, this is consistent with the observation from the experimental program.
Results: Phase II
The same parameters from Phase I were used in the simulations of the experimental program from Phase II. The only exception is the friction between aggregates ( , )
that was increased to 0.75 accounting for the rougher surface of the limestone aggregates in comparison with the glass spheres. The grading curves measured in the laboratory for the aggregates were used to define the proportion and the sizes of the particles introduced in the models. The coefficient related with the thickness of the paste layer ( ) was estimated as 0.1372 according to the procedure described in Section 4.1. Even though in general models capture the experimental behavior, differences appear in certain stretches of the stress-strain curves. In the case of the pervious concrete with limestone aggregate of grading 5-12 mm, a more abrupt increase of stress is observed. In the case of the grading 9-20 mm, small dissimilarities appear in the final part of the curve.
These differences may be caused by the simplifications regarding the shape of the particle that forms the pervious concrete. In reality, an irregular-shaped particle is used, whereas in the model all aggregates are assumed as spheres. Despite that, a good approximation of the experimental results is obtained, especially considering that the input parameters used are the same as those from Phase I. This confirms that the constitutive model proposed here combined with the simulation using DEM is capable of predicting the behavior of the material during the compaction process.
COMPARISON WITH THE EVOLUTIONARY LATTICE MODEL (PIERALISI et al. [30])
Few alternatives are available in the literature to simulate the compaction process of pervious concrete. An alternative to the approach proposed here is the Evolutionary Lattice Model (ELM) developed by Pieralisi et al. [30] . This has only been applied for The results suggest that the ELM may be used for a rough approximation of the compaction process of pervious concrete. However, if more realistic estimations are necessary, the combination of the proposed constitutive law and DEM is a better option.
CONCLUSIONS
The following conclusions are derived based on the numerical and experimental studies conducted in this work.
• The experimental results of the compaction of pervious concrete produced with spherical aggregates showed that the influence of the P/A over the compaction curve is negligible. The application of the numerical models proposed here explained this observation, suggesting that the small variations induced by the P/A are eclipsed by the high variability of the results.
• The experimental study of the compaction of pervious concrete in fresh state produced with crushed limestone in two different grading (5-12 mm and 9-20 mm)
showed that lower pressure was necessary to compact the specimens with bigger size of particles. This phenomenon is related to the number of contacts between aggregates, which is inversely proportional to the size of particles. The same trend was also observed in the new models developed here to simulate the compaction of pervious concrete.
• Although the Kelvin-Voigt rheological model is generally used to represent the interaction between aggregates surrounded by cement paste in fresh conventional concrete, it might lead to important inconsistencies when the contact between particles of pervious concrete is simulated. To overcome these inconsistencies, the constitutive law proposed and validated here should be used.
• • The simulations of the compaction process of pervious concrete in fresh state
showed that the proposed constitutive law is capable of reproducing the behaviors observed when pervious concrete made with aggregates with different grading curves are compacted.
• The simplifications assumed in the constitutive law regarding the simulation of the cement paste as a thin layer around the aggregate and the simulation of the aggregates as spherical particles induced small differences regarding the experimental results. Acceptable predictions were achieved, thus confirming that the DEM and the constitutive laws are suitable for the simulation of the compaction process of pervious concrete. It provides a better approximation of the phenomenon than the alternative approach available in the literature (ELM developed by Pieralisi et al. [30] )
